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NEW MAGNET POLE SHAPE FOR ISOCHMONOUS CYCLOTROMS®

€. E. Thorn, C. Chasman, and A. J. Balez*®

. ABSTRACT

A new 1eaign has been developed for ahapirs pole
tipa to prodnuce the radially increasaing fields
required for Liochronous cyclotons. The conventional
A0lid hill polesa are replaced Ly poles mounted over a
amall secondary gap which tapers redially from maximunm
3t the megnet edge to zero near the center., Fleld
meadurements with a mocel magnet and calculations with
the code TRIM ahow an ilncrease in fleld at the edge of
~he magnet without tho ususl corresponding large
Increase in fringing, and 2 radial fleld shape mors
nearly fleld :independent thsn for convantional hilla,
The "flying nilla" have several adventages for
variable energy multiparticle cyclotrons: (1) a large
rednetion Iin the power dissipated by {sochronizing
trim coila, () a more constant shape and magnitude
flutter factor, eliminating flutter colla and
in~reasing the operating range, and () a sharper
fall-off of cthe fringe fleld, 3implifying beam
axcracrion.

INTRODUGTION

The pole tipa of a varisble energy, multi-
sarelivle lasochronousa cyclotron can be shaped to
provide a fixed lsochroniam and flutter at a apecified
central (leld., For thia fixed pole tip design, the
liochroniam correction and the flutter will incresse
~apidly a3 the central fleld ! decreased, and the
reguired 3hapes muat be obtained with various “ypes of
field rtrigming coila, It 13 desirsdle to ainfaize the
semanda on trim colls by atabilizing the shape of the
in fleld agaimst chenges In central fleld for at
lsast two reasons: (1) The power dissipation of thess
mila 13 large ince theoy must be thin enough to de
clzced in <he magnet gap. (2} If many colils are
regiiired, z3justing the fleld can be a difficult
cracegure.  3ince the permeabllity of iron decreaaea
~2pidly with increading (leld, aversge triz coil power
Lt minimized L€ the pole tips are zhaped to provide at
i2ast half 2f the required fsochrorism and flutter at
*he nigheat ~perating field. For thia deaign the
required range of iaochronizm Ia 1.00 <Y < 1.16. A
lwairzble pole tip confignuration must therefore
srodice 3 radizlily ineresaing fleld at the higheat
santrzl fleid which changes relatively little 23 the
t2ntral Cleld ‘3 decreased Yarions teehniqiues have
t2en propoaed cr !mplemented which exploit aaturation
affect « o produce auch atable flelda.

EIELD MEASURRMENTS

4 model magnee with an 18" (ilameter pole (1/!1
wala ;€ the SHEL pole) has been used to determine
cnle rip Zdealgzn3 which provids stable flutter, minizum
Tria power sonamption, and delirsble edge flelds for
2xtrzction. The radial profile of the magnetic fleld
orodiced 9y conatant zap hills and valleys i3 quite
itable 3againat changes in central fleld, but ia 3t
fest padially flat, and 3t high flelds decreazes
r2dZally with 2 roughly parabolic shaped as a aimple
2qipotential model predictx.” To produce a redially
increguing fleld, 't 3 posaible to taper the hilla
ard/or valleyz to reduce the main gap at the adge.
wedge-3haped nilla of this type provide the Tull
cquipotential miae only it low centrsl flelds; at high
f.elds they aiaturate, fringine increases. and the
fleld ahape becomesx radiglly decresaing. The meauured
ratio of flelda from the center to tha edge as a
finction 2f a0del msgnet current 1a ahown in Figure !
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Figure 1. Measured ratio of magnetic fleld from 8.5"

to 3.0" radius versua model mairn coil
currents for four hill geometries. Curve
By in Figure 4 gives excitation curve for
model.

for flat and wedge-shsped hilla. At low excitation
(below 10 kG) the front surfaces of these two hill
geomiries bocote equipotentlala. At higher eaxeitation
(above 5 amps in Figure 1), the hills begin to
aaturate, edge fringing ‘ncrepsea, and the flelgd
begina to fall well {naide the magnet.

A new geometry for pole %ips haa beea founa
which provides radlally Incressing ({elda shat ape
much more stable thsn wedae hilla. A cross zection of
a pole tip design Incorporating these rew "flying
hilla" s shown in Figure 2. The hills are attached
%o the root only near the ~enter of the amgnet. A gap
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Figure 2. Cross aection of pole tip deaign

‘ncorporating flyiag hilla.




.of redially lnereasing thickness separates the rest of
the hill frem the root. The thickness of the hill
iroa i3 conatant except 3t omall radill. The radial
profile of the fleld for the flying hills varies much
lean with excitation than that of an equivalent wedge
hill (hills of Figure 2 with the braass replaced with
iron), The variation ln the radial profile shown in
Figure 1 for the flying hilla i3 adout 30% thet for
the wedge over the uaeiil range (7 to '8 kG average
€2ald)., At high flelds (above 't kG in the hills) the
2dge Tield :a actually higher for the flying hill than
for the wedge hill and aa the excitation 1a decreazed,
the flying hill doe3 not reach the equipotential limic
nntil much smaller flelds (about 2 kG). The incressed
adge fleld at high excitation s accompanied by
decrensed fringing of the flsld, 33 i3 indicated by
the aormalized radial contours of the field in Figure
3. Thia zharper magnetlic edge has eszed the
axtraction problem, 30 that a 3ingle electrostatic
fef'actor shonld provide besm extraction in 3 fracrion
of a turn.
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Radial profile of hill flelds norma.ized to
field at 5". Soi!d line 13 for flying
n:lla.

Flgupe 3.

Zome nndersatanding of the mode of operatlon of
-2 flying hills has been obtained by zeazuremernts of
“ne Tlall componentn in the hill and by celculations
wit® the computer code TRIM.® Coils would around the
nill aleb with thelr axia dipected radislly. and mmell
2021la under and over the hills with their axes
ariented vertically were uded with a voltage
iategrator to deduce the radial and axial componenta
within the Aill. Flgure 4 shows the measured
comgonenta € <ne fleld In the rudial (Bp) and =xial
(2y) directiona, The field ia the main gsp L3 very
nearly equal to 8y in the hill. A4t low excitation the
radial ~omponent I3 very large, ind fleld lires polinat
along the hill alab: the hill forms a path of low
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Figure 4. Radis] and axinl componenta and magnitude
ol szgnetic field in the tlying hill veraus
model main coll current.

magnetic reluctance from the center of the magnet to
the edge. Thia "channeling® of fl'x through the hill
cauaes the magnitude of the field (the curve B In
Figure 4) to he much larger than that in a 30lid wedge
hill, e3pecially =t lower axcitation. Thia reducea
the permeability of the {lying hill relative to that
for a aolid hill at low excitation, and prevants the
flying hill from reaching the sguipatential limit
untsl very low fields. Over the u3eful range of
excitation the Clyiag hill cperstea within a2 much
narrower rapge of permeadilicy thsan the wedge hill,
which leads to the increaaed atadility. Even at
higher exeitation (21 kG} the radial component
persist3, moving flux from the centar toward the 2dge
of the magnet. Thius rediatribution of flux 8 clearly
ahown by the TRIM calculation in Figure 5. It ia
¢lear that the Cleld lines within the root are
diverted toward the center of the magnet, sven
relativey near the edge of the pole. Thia reduces the
fringeing of (ield lines at the magnet edge ard
produces the szharper fall-off Iin fleld sutaide the
pole, a3 indicated in Figupe 3. Thus the d4iatinetion
of -he flying hill is that it produces atable
edge-peaked felds.

Flgure 5. Magnetic fileld 1’nes for pole ard flyine

hill 2aleulated with cnge TRIM.



The greacer atability of the field shape for the
flying hilla results ia e more nearly constant flutter
factor compared to wedge hills. Below about 20 kG in
the hills the permeability in the wedge begins to
incres3e ropidly end the flutter rises aharply from
0.1 r3 0.33. In contrast, the flying hills show a
Tucn wore gradual charge in flutter, from 0.09 to
0.24, atmilae o that for flat hills. The more nearly
conatant flutter aimplifies the design of the spiral
shape 5 and eliminates the need for apecial colls to
alter the flutter for different beams and energles.

POLE DESIGH

The flying hilla have deea lacorporsted into a
pole tip design? (Figure 2) for converting the SREL
aynchrocyclorron into 8 variasble energy heavy ion
isochronous cyclotron. Two additional features have
been gdded tc help reduce the trim coll power
consumption. The valleys have been shimmed near the
adge to reduce the main gap to contribute to the
deaired isochronous shape. ince the valley fleld L3
aiways relatively low the iron in the poles remains
Linear, and the contribution to the average radlal
f1els shape from the valleys ia 3table.

Unfortunately, the valley ahima reduce the flutter,
eapecially at high flelda, and 30 only & limited
amount of faochroniaw can be obtained by shirming the
valleys. In addition, the radius of the pole in the
nill aectors ham been extended by adding "eleata® of
iron to the pole tlp edge along the hills. These
2leata alao incresse the edge Leaking of the fleld and
nznae the fleld o fill more rapidly just outside the
sagret edge.

In order to provide realistic ixochronized flelds
and =c eatmate power disaipation for the proposed
ayelotron, measurement3 of flelds produced by
centered, circular trim coils have been made with the
zodel magnet. Simpie magnetic circnit calculatilons
for the model and SREL magneta have been used to acale
the measured trim coil fielda to the full aize magnet.
A ~omputer 20de was used to 3o0lve by lteration for the
cLux in each element which produced permeabilities,
ovaluated ac the local H, consiatent with the meaaured
magnecization curves for the lroa of the model 20d
SREL magreta. The fringing and leakege reluctances
were adjusted to fit messured excitation curves for
:re model and SREL magneta., A linear least sousrea
proc=adure waa 18ed to adjust the trim currents %o
obrain a best {4t of rthe zcasured main and trim fleld
to the deaipred ‘3lochronous fleld. Twenty=-seven trin
29i1a are aufficlent to provide Isochronization to
2 20 of phase slip for a 150 MeV/amm 190 beam.

Main coll power was estimated by uaing the
reaiative model for the SREL gagnet to soale from the
sompiuted flelda to measursments of power vs. maln
f:ald Tor the SREL aynchrocyclatron.® Trim coil pawer
was caleuylated uaing computed trig currents and
2aanming trim coils 4.0 cm high, S0% of which la
~opper. A computer code wal uled to search for
oinizum total power dissipation by varying the main
z0il curreat. The maxizum main coil power over the
sperating range 1a about 240 kw.

Trim coll power diasipation has been computed for
several different hill geometries. The trim pover at
Jaximuf design =nergy as a funct.on of ian mass 1
asnown in Figure 6 for flat, wedge and flying hilla
alone and for flying hills with the eige 3hims and
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Figur: 6. Tria power diasipation voraus lon mass for
maximum energy ions for soveral pole
geometries., Typlosl maximum design
energles are 180 MeV/amu 180, 100 MeV/emu
60N1, and 16 MeV/amu 235U; 3ee Referance 7
foir the coaplete operating raage of the
propossd cyclotran.

cleata of figure 2. The fielda have becn ![sochron:zed
to 242 cm for these calculations. The a2 of the
flying hiil leads to lower trim coil diasipation than
the ~orresponding wedge, and the addition of the
valley ahims make= a further subatantial reduction.
For fields which lsochronized only to 242 2m the power
diasipation 13 increassd icmewhat for high 283s lons
by adding an edge cleat around the hilla. Thia is
becauxe the cleat increaaes the edge peaking even at
high fields, and for the high massy beams, which
require high filelda but amsll ‘aochroncus corrections,
the trim collax must reduce the {leld 2% the magnet
edge. However, the edge cleata were added to permit
the fleld to be iaochronized to 245 ¢m and to improve
the axtractlon characteristics.
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